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ABSTRACT Genetic resistance to Marek’s disease (MD)
has been proposed as a method to augment current vacci-
nal control of MD. Although it is possible to identify
QTL and candidate genes that are associated with MD
resistance, it is necessary to integrate functional screens
with linkage analysis to confirm the identity of true MD
resistance genes. To help achieve this objective, a compre-
hensive 2-hybrid screen was conducted using genes
unique to virulent Marek’s disease virus (MDV) strains.
Potential MDV-host protein interactions were tested by
an in vitro binding assay to confirm the initial two-hybrid
results. As a result, 7 new MDV-chicken protein interac-
tions were identified and included the chicken proteins
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INTRODUCTION

Marek’s disease (MD) is a lymphoproliferative disease
of chickens caused by the MD virus (MDV), a herpesvirus.
As MDV persists and is ubiquitous in poultry houses, all
commercial chicks are exposed at 1 d of age. Susceptible
chickens develop enlarged nerves and lymphomas in vis-
ceral tissues, which leads to paralysis, blindness, and
eventually death. Vaccines are able to protect against MD,
but they do not prevent MDV replication and spread.
With the periodic emergence of more virulent MDV
strains (Witter, 1997), MD control requires either the de-
velopment of new and more effective vaccines or the
introduction of alternative measures to augment vacci-
nal control.

Genetic resistance to MD has been proposed as one
such alternative method. MD resistance has been known
to exist for 60+ yr, and birds can be selected for higher
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MHC class II β (BLB) and invariant (Ii) chain (CD74),
growth-related translationally controlled tumor protein
(TPT1), complement component C1q-binding protein
(C1QBP), retinoblastoma-binding protein 4 (RBBP4), and
α-enolase (ENO1). Mapping of the encoding chicken
genes suggests that BLB, the gene for MHC class II β
chain, is a positional candidate gene. In addition, the
known functions of the chicken proteins suggest mecha-
nisms that MDV might use to evade the chicken immune
system and alter host gene regulation. Taken together,
our results indicate that integrated genomic methods pro-
vide a powerful strategy to gain insights on complex
biological processes and yield a manageable number of
genes and pathways for further characterization.

levels of resistance (reviewed in Bacon et al., 2001). Ge-
netic resistance to MD is complex and controlled by multi-
ple genes. It is fairly well established that specific
haplotypes of the MHC or, as it is known in the chicken,
the B complex are associated with MD resistance or sus-
ceptibility. QTL conferring resistance to MD have also
been identified (Bumstead, 1998; Vallejo et al., 1998; Yo-
nash et al., 1999). Although this knowledge has demon-
strated that there are heritable units that allow for
selection, the QTL intervals are not sufficiently resolved to
reveal the causative gene or allele. This lack of resolution
makes it difficult to select improved MD resistance based
on genetic markers alone. This challenge is not unique to
MD genetic resistance and, in fact, probably represents
one of the greatest challenges facing all scientists analyz-
ing complex genetic traits (Dodgson et al., 2000; Page et
al., 2003).

Confronted with this problem, we have been integ-
rating functional genomic screens with genetic associa-
tion studies to reveal positional candidate genes that
confer resistance to MD. In other words, gene profiling

Abbreviation Key: C1QBP = C1q-binding protein; EBV = Epstein-
Barr virus; EBNA1 = Epstein-Barr nuclear antigen-1; ENO1 = α-enolase;
GST = glutathione S-transferase; HSV1 = herpes simplex virus type 1;
iI = MHC class II invariant; MD = Marek’s disease; MDV = Marek’s
disease virus; SNP = single nucleotide polymorphism.
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by DNA microarrays, 2-hybrid assays, or both identify
those candidate genes with functional properties (gene
expression, protein association) related to MDV infection.
Those candidates can be evaluated (subsequently or in
parallel) by genetic mapping or association studies. Be-
cause the approaches are independent of one another,
candidates identified by 2 or more methods can be pur-
sued with much greater confidence. This strategy has
successfully identified growth hormone (GH1) and lym-
phocyte antigen 6 complex, locus E (LY6E; also known
as stem cell antigen 2 or SCA2) as MD resistance genes
(Liu et al., 2001b, 2003). Both genes encode proteins that
interact with MDV proteins, their mRNA are differen-
tially expressed between MD-resistant and susceptible
lines, they encode alleles significantly associated with one
or more MD traits, and their known gene functions appear
to be consistent with our knowledge of MDV biology.

The objective of this study was to extend our 2-hybrid
assay of MDV-chicken protein interactions. In particular,
we performed a comprehensive screen of all the MDV
genes that are believed to be unique to virulent MDV
strains. The identified chicken proteins should provide
insight on how MDV might alter normal host functions.
Furthermore, genetic mapping of the encoding genes
should determine if one or more of these genes are posi-
tional candidate genes for MD resistance based on their
location within an MD QTL interval.

MATERIALS AND METHODS

Escherichia coli 2-Hybrid Assay

The screen for MDV-chicken protein-protein interac-
tions was performed with a 2-hybrid system5 according
to the instructions provided by the manufacturer. MDV
proteins (baits) were selected based on the following crite-
ria: (1) the encoding gene was present in the GA strain
(GenBank accession no. AF147806 and L22174) and Md5
strain (GenBank accession no. AF243438) sequences, (2)
the encoding gene was not present in MDV serotype 2
(GenBank accession no. AB049735) or herpesvirus of tur-
key (HVT) (GenBank no. AF282130 and AF291866) se-
quences, and (3) the MDV protein has not been the subject
of significant previous functional characterization [i.e., R-
LORF2 (vIL8), R-LORF7 (Meq), R-LORF14 (pp24), and
R-LORF14a (pp38)]. US1 was also included due to its
potential role in attenuation (Jones et al., 1996).

The MDV genes were amplified by PCR using DNA
isolated from chicken embryo fibroblasts infected with
MDV strain Md5 and the primers listed in Table 1 as
described in Liu and Cheng (2003). All the forward prim-
ers generated an EcoRI restriction enzyme site except
those for R-LORF8, R-LORF13a, and LORF4, which cre-

5BacterioMatch, Stratagene, La Jolla, CA.
6ABI 3100, Applied Biosystems, Foster City, CA.
7Amersham Biosciences, Piscataway, NJ.
8Novagen, Madison, WI.

ated NotI, BamHI, and BamHI sites, respectively. All re-
verse primers included an XhoI site except for R-LORF1,
R-LORF8, and LORF8, which incorporated BamHI sites.
The resulting amplicons were digested with the appro-
priate restriction enzymes and were cloned in-frame into
the identical restriction enzyme sites of a modified pBT
vector; a frame flexible linker sequence [(Gly4Ser)3] was
placed between the insert and the λ repressor as recom-
mended by the manufacturer. A chicken cDNA library
derived from activated splenic T cells previously de-
scribed (Liu et al., 2001b) was fused with the pTRG target
vector. The MDV-containing pBT plasmid and the cDNA
library were cotransformed into competent E. coli cells,
and colonies were selected for carbenicillin resistance and
the presence of β-galactosidase activity. Positive trans-
formants were confirmed by selection on new plates. Plas-
mids were isolated and subjected to DNA sequencing by
dye-terminator fluorescence sequencing on an automatic
DNA sequencer6 using the pTRG sequencing primer de-
scribed in the screening kit. Sequence data were queried
for open reading frames and to public databases using
the BLAST program (http://www.ncbi.nlm.nih.gov/
blast).

In Vitro Binding Assay

To confirm the interaction of a protein that was detected
by the bacterial 2-hybrid system, the cDNA was amplified
and cloned in frame into the pGEX-5X vector7 to produce
a glutathione S-transferase (GST)-chicken fusion protein.
The fusion protein was adsorbed on glutathione Sepha-
rose 4B beads7 and then used in the in vitro binding assay.
The corresponding MDV gene was amplified and cloned
in frame into the pET28a expression plasmid, and protein
was synthesized in vitro using the Single Tube Protein
System 3 (STP3).8 One microgram of the expression plas-
mids was used as template for a coupled T7-directed in
vitro transcription-translation reaction in the presence of
40 µCi [35S]-methionine. Ten microliters of the reaction
was incubated with Sepharose bead-adsorbed GST fusion
protein or GST alone for in vitro protein-binding assays.
After serial washing with 1% Triton X-100 in PBS, bound
protein was eluted with 30 µl of elution buffer (10 mM
reduced glutathione in 50 mM Tris-HCl, pH 8.0). All sam-
ples were subjected to 10% SDS-PAGE analysis followed
by autoradiography.

Linkage Analysis

Mapping of relevant chicken genes was performed es-
sentially as described by Smith and Cheng (1998) and Liu
and Cheng (2003). Briefly, primers were designed (Table
2) to amplify an intron (TPT1) or the 3′ untranslated re-
gion (CD74 and RBBP4) of each chicken gene; for C1QBP,
a MegaBlast database search using GenBank accession
no. AB029946 as the query retrieved the Trace Archive
sequence 261543180, which contains part of an intron.
Amplicons were generated using DNA from Red Jungle
Fowl (UCD-001) or White Leghorn (UCD-003), the par-
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TABLE 1. Marek’s disease virus (MDV) proteins used as bait in a 2-hybrid screen and the primers used to amplify the corresponding gene

MDV ORF1 Forward primer2 Reverse primer2

R-LORF1 gagaattcgATGACCCGGGGGCATCGCAC ccggatccTTACTCGCTGACTTTCAGCGGGC
R-LORF3 acgaattcgATGACAACCCCATATTTTGGC ggctcgagCTATACTGATGTAACCAGTACTC
R-LORF4 cggaattcgATGCGCCAGTTATGCATGACG ggctcgagCTATAGCATCGAAACACTAAAATG
R-LORF6 ccgaattcgATGAACCTAACGCTCCACATTG gactcgagTTATATATAACTAGGGGAGAAG
R-LORF8 cagcggccgcATGACTATCGTCTTTATATCAC tgggatccTCACATTTTTAAGTTGTATGTAG
R-LORF9 gtgaattcgATGTGGAACACGATTGGCCG gcctcgagTTATCGATAATCGGCTCCGATCC
R-LORF10 gggaattcgATGTGCAAACAGCGACTCATTATC gcctcgagCTACCATCCGTGTTGATTACAGC
R-LORF11 tcgaattcgATGTTACATATCTATAACTTGATT gactcgagTTATACTTTACCTGCTTTTGC
R-LORF12 tagaattcgATGTGTATGCAAATGAGCAG tactcgagTTATTACTTATTTGATGAAGGGAG
R-LORF13a ctggatccATGACCCACAACCGCGATTTG ccctcgagTCACCCTTTATTGGAATAGCC
MDV004 cggaattcgATGTGGGGGAGATGGGGTAAA cactcgagTCACCGGATGAACCTAACGC
LORF1 gcggccgcGATGGTGAATAGACGCAACTAT ggatccTTATTGGTTCGCAGTGCGAACGCTGAC
LORF4 ttggatccATGCAACCCGATCCGCGATTTC atctcgagTTATAGAGTACTCGTGCATCTTTC
LORF5 tcgaattcgATGAGTAAACCATATCATGCTC aactcgagTTATCCTATGACAACAGAAGTGC
LORF6 tcgaattcgATGACTGTATCTAATCCATACGC gcctcgagTCAAATATCCGAATTTAACTTCA
LORF8 gggaattcgATGGTGGGTAGTATACAGGTAG ttggatccCTATGACAAAAGAGTTGCACGG
LORF10 gggaattcgATGGGCATTATTTTTTCCAACC gcctcgagTCAATCTACTGTTGTTGGTCC
LORF12 cgggatccATGTTGGAGGCGGAGATTAAGC tactcgagTTATGTTTCTGTGATAATAGTTAC
SORF4 ttgaattcgATGGCACCTTCGGGACCTACGC ttctcgagTTAGAAAAATGAGAATGAAAT
US1 gggaattcgATGAGTCGTGATCGAGATCGAG ctctcgagTTAATGCAATTTACTGTCTACCG

1Nomenclature of open reading frame (ORF) based on Lee et al. (2000) and Lupiani et al. (2001).
2Capitalized letters match the sequence to the target gene, whereas those in lowercase are designed to generate a unique restriction enzyme site

for cloning into the pBT vector (Stratagene, La Jolla, CA).

TABLE 2. Primers used to detect and genotype single nucleotide polymorphisms (SNP)
in chicken genes for genetic mapping

Gene Primers used for screening SNP1 Primers used for genotyping2

C1QBP TAGAATATCCCACGCTGCTG C/T (526) Same as those used for screening
CATCGGCAAATGTGTTATCC

CD74 GACATGGTGAAAGCCAAGTAG A/G (1008) TCAGTTACATCCCTTCCCCTA
CAGGGGTCAGTTAAGCTCGGG GTC/CCG (1070–1072) CAGTAAATAAAGCTGTCAGAC

TPT1 CCATGATCATCTACCGGGAC C/T (363) TGAGGATATTAGTGGCCTTGA
TTAACATTTCTCAATCTC TTAACATCCGTAACTC�G AGCT

RBBP4 CCAGAAGGTCAAGGATCTTAG AAG/A:G (1529–1530) CCCTAAGAAAAGGGCTTTTAaG
GCAGGTACAGATTAACTAAAG A/G (1598) GCTAAAATGGGATGGCCAGCT

1The base(s) represent UCD-001 (Jungle Fowl) and UCD-003 (White Leghorn) allele sequence, respectively.
The number(s) in the parentheses are the position(s) of the sequence based on GenBank accession no. 261543180
(Trace Archive), AJ292038, AY383617, and AF097750 for C1QBP, CD74, TPT1, and RBBP4, respectively.

2Base(s) underlined are specific to the UCD-001 allele. The base in a box represents an intentional mismatch
used to create a restriction enzyme site with the UCD-001 SNP allele. The base that is not capitalized is a 1-bp
insertion present in the UCD-001 allele but not in UCD-003 allele.

TABLE 3. Marek’s disease virus-chicken protein interactions confirmed by in vitro binding assay and their genetic map location

MDV protein Interacting chicken protein

Encoding Protein Gene Protein
ORF1 size2 Name symbol size2 Map location3

R-LORF8 135 complement component C1q-binding protein C1QBP 208 GGA19 (9)
R-LORF10 95 MHC class II invariant chain CD74 223 GGA13 (55)
R-LORF12 115 growth-related translationally-controlled tumor protein TPT1 173 GGA01 (474)
R-LORF13 104 complement component C1q-binding protein C1QBP 208 GGA19 (9)
LORF4 142 MHC class II β chain BLB 263 GGA16 (0)
MDV004 136 α-enolase ENO1 434 E54 (30)
SORF2 179 growth hormone4 GH 216 GGA27 (5)
US1 179 retinoblastoma-binding protein 4 RBBP4 425 GGA23 (20+)
US10 213 stem cell antigen 25/lymphocyte antigen 6 complex, locus E SCA2/LY6E 127 GGA02 (415)

1ORF = open reading frame. Nomenclature of ORFs is based on Lee et al. (2000).
2Predicted number of amino acids.
3Chromosome assignment based on the consensus map described in Schmidt et al. (2000). The number in the parentheses is the estimated

position in cM.
4This interaction was previously described in Liu et al. (2001b).
5This interaction was previously described in Liu et al. (2003).
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ents of the East Lansing reference panel (Crittenden et
al., 1993). The products were cloned into a TA cloning
vector;9 the resulting plasmids were isolated, and their
DNA sequences were determined as described above.
Single nucleotide polymorphisms (SNP) between Red
Jungle Fowl and White Leghorn alleles were identified.
For C1QBP, one SNP generated a Tsp45I restriction en-
zyme site with the Red Jungle Fowl allele only. For CD74
and RBBP4, more than one SNP was detected, which
enabled the generation of primers that were highly spe-
cific to the Red Jungle Fowl allele (Table 2). For TPT1
where a single SNP was detected but did not create a
polymorphic restriction site in either allele, mismatched
primers were used that created a SacI restriction enzymes
site with the Red Jungle Fowl SNP allele only (Table
2). Genotype analysis was done by PCR amplification,
restriction enzyme digestion (when necessary), followed
by agarose gel electrophoresis. Multipoint linkage analy-
sis of the genotypes through Map Manager, version 2.6.5
(Manly and Olson, 1999) allowed for the optimal place-
ment of each gene in the existing data set, which contains
∼1,250 loci.

RESULTS AND DISCUSSION

Advances in genomic technologies enhance our ability
to gain insights on complex biological processes such
as host-pathogen interactions and genetic resistance to
disease. With the development of commercial 2-hybrid
assays based in E. coli, combined with the availability of
the complete MDV genome sequence (Lee et al., 2000;
Tulman et al., 2000), it became feasible to conduct the first
comprehensive screen of MDV-chicken protein-protein
interactions. Rather than screening all MDV proteins, we
chose to concentrate on proteins unique to serotype 1
(virulent) MDV strains compared with serotype 2 strains
and herpesvirus of turkey. We anticipated that virulence
and other distinct properties of serotype 1 MDV strains
are primarily due to genes and gene products found only
in these strains. US1 was also screened because of its
potential role in attenuation in the RM1 strain (Jones et
al., 1996). After eliminating some MDV proteins that have
already been examined extensively, 20 MDV proteins
were selected and characterized (see Table 1).

For each MDV gene (bait), at least 500,000 trans-
formants were screened to ensure reasonable coverage of
the cDNA library. Typically, 5 to 20 positive colonies
were identified although the range was from 1 to over
50. The majority of these chicken genes (prey) were elimi-
nated after DNA sequencing as only 0 to 4 plasmids
were found to contain significant open reading frames
per MDV gene. Because of the tendency of the 2-hybrid
screen to produce false positives, a widely recognized
problem, it is necessary to have an independent confirma-
tion step. The in vitro binding was chosen, which bio-

9Invitrogen, Carlsbad, CA.

FIGURE 1. R-LORF10 and CD74 (MHC class II invariant chain)
interact in vitro. Supernatant (S) shows the input of 35S-labeled R-
LORF10 to the affinity columns. After 1 and 7 washes (W1 and W7,
respectively), R-LORF10 is retained and eluted (E) with the glutathione
S-transferase (GST)-CD74 fusion protein but not with GST alone.

chemically detects protein-protein interactions. As part
of the procedure, the chicken cDNA is expressed and
purified as GST fusion protein, which is the most techni-
cally difficult and rate-limiting step in the entire process.
Consequently, only chicken genes that have been pre-
viously identified or have significant homology to identi-
fied genes in other species were examined. A successful
interaction is shown in Figure 1, where R-LORF10 was
retained with the GST-CD74 fusion protein but was not
retained with GST protein alone (control). This result also
indicates that the interaction between R-LORF10 and
CD74 is a direct and specific protein-protein interaction
and does not require other intermediary factors (e.g., bac-
terial proteins). In the end, 7 new MDV-host protein-
protein interactions were identified and confirmed (Ta-
ble 3).

The R-LORF8 and R-LORF13, proteins of unknown
function, interact with complement component C1q-bind-
ing protein (C1QBP; Ghebrehiwet et al., 1994), which is
also known as the p32 subunit of splicing factor ASF/
SF2 (SF2P32 or P32; Krainer et al., 1991) and hyaluronic
acid-binding protein 1 (Deb and Datta, 1996). C1QBP in-
teracts with other viral proteins. Those interacting pro-
teins encoded by herpesviruses include herpes simplex
virus type 1 (HSV1) ICP27, which is involved in transcrip-
tional and posttranscriptional regulation and is essential
for viral replication (Bryant et al., 2000); HSV1 ORF P,
which is expressed during HSV1 latency (Bruni and Roiz-
man, 1996); herpesvirus saimiri ORF 73, which is ex-
pressed during herpesvirus saimiri latency (Hall et al.,
2002); and Epstein-Barr virus (EBV) nuclear antigen-1
(EBNA1), which binds to the EBV origin of replication
and is required for the maintenance of the viral genome
during latency (Wang et al., 1997; Chen et al., 1998; Van
Scoy et al., 2000). The EBNA1-C1QBP interaction supports
our R-LORF13-C1QBP interaction as R-LORF13 exhibits
significant homology to EBNA1 (Lupiani et al., 2001).

The R-LORF10 and LORF4, proteins with no known
function, interact with MHC class II invariant chain (Ii,
also called γ-chain or CD74) and β-chain, respectively.
The mature MHC class II molecules that present antigenic
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peptides to CD4+ T cells are a heterodimer of α- and β-
chains. However, newly synthesized MHC class II mole-
cules consist of α-, β-, and Ii-chains. Ii-chain plays a critical
role in class II formation, transport out of the endoplasmic
reticulum and through the Golgi complex, and antigen
loading (reviewed by Stumptner-Cuvelette and Benaroch,
2002; Matza et al., 2003).

Many viruses with large genomes, such as herpesviruses,
encode proteins that target the MHC class I and II antigen-
presenting systems to escape detection and elimination by
the immune system of the host (reviewed by Vossen et al.,
2002; Hegde et al., 2003). For example, with respect to class
II, HSV1 glycoprotein B down-regulates class II expression
by binding class II α-chain and reducing expression of Ii-
chain (Neumann et al., 2003). Human cytomegalovirus US2
induces degradation of class II α-chain (Tomazin et al.,
1999), whereas US3 inhibits the association of class II with
the Ii-chain (Hegde et al., 2002). All of these viral proteins
effectively reduce the cell surface expression of MHC class
II molecules and inhibit antigen presentation to CD4+ T
cells. The EBV glycoprotein 42, which is encoded by BZLF2,
binds and uses class II as a cofactor for viral infection of
B cells (Li et al., 1997). The interaction of MDV proteins
with MHC class II components would suggest that MDV
also influences class II cell surface expression (Gimeno et
al., 2001) as is the case for class I (Hunt et al., 2001; Levy
et al., 2003).

Infected cell protein 22 (ICP22), the gene product of MDV
US1, transactivates other viral genes, probably in conjunc-
tion with ICP4 (Kato et al., 2002). ICP22 interacts with
retinoblastoma-binding protein 4 (RBBP4), which is also
known as the 48-kDa subunit of chromatin assembly factor-
1 (CAF-1p48). RBBP4, in turn, interacts with histone deace-
tylase-2 (HDAC2) (Ahmad et al., 1999). As modifications
in chromatin influence haematopoietic cell fate (reviewed
by Georgopoulos, 2002), one could speculate that MDV
may regulate host transcription though ICP22 binding to
RBBP4 to create an environment more suitable for viral
replication and spread. The MDV protein interaction with
RBBP4 is also intriguing because of its potential involve-
ment in well-recognized and important cellular processes,
especially with respect to deregulation of the retinoblas-
toma pathway, a “hallmark of cancer” (Hanahan and Wein-
berg, 2000).

The MDV R-LORF12, a hypothetical protein of unknown
function, interacts with the p23 member of the transla-
tionally controlled tumor protein (TCTP) family encoded
by the TPT1 gene. TCTP are ubiquitous, abundant, and
highly conserved proteins across eukaryotes. Originally
thought to be tumor specific and controlled at the transla-
tional level (Gross et al., 1989), it is clear that TCTP are
expressed in a wide variety of tissues (e.g., erythrocytes;
Sanchez et al., 1997) and can be transcriptionally regulated
(e.g., Xu et al., 1999). Described as growth-related proteins,
TCTP have been reported to have a variety of functions
including (1) involvement in IgE-dependent histamine and
interleukin-4 release (MacDonald et al., 1995; Schroeder et
al., 1996), (2) acting as a B-cell growth factor (Kang et al.,
2001), and (3) regulating the cell cycle by interaction with

tubulin binding protein (Gachet et al., 1999). TPT1 has
also been implicated with PKR, a double-stranded RNA-
dependent protein kinase. PKR is activated by double-
stranded RNA that are produced during viral replication
and gene expression as part of the interferon-induced anti-
viral system of the host. Some viruses express small RNA
that bind to PKR and prevent its activation (e.g., Gunnery
et al., 1990; Henry et al., 1994; Robertson et al., 1996). TPT1
mRNA has been shown to activate PKR as well as be
translationally regulated by PKR.

The MDV004, a 23-kDa protein detected in the nuclear
fraction of MDV-infected cells (Peng and Shirazi, 1996),
interacts with α-enolase (ENO1). ENO1 converts 2-phos-
phoglycerate to phosphoenolpyruvate during glycolysis.
An abundant cytosolic protein, ENO1 is also found on the
surface of hematopoietic cells (e.g., T and B cells) where
its expression is modulated by physiological conditions
(reviewed by Pancholi, 2001). Because of its ability to act as
a plasminogen receptor and the direct correlation between
ENO1 expression and tumor progression, ENO1 has been
suggested as a diagnostic marker for many cancers and
neurological diseases (Eriksson et al., 2000). Adding to the
interest in ENO1, an alternative initiation product of ENO1
mRNA is the myc-binding protein (MBP-1), which can
suppress tumors by binding the c-myc promoter (Subra-
manian and Miller, 2000).

Although our MDV-chicken protein interactions have
been confirmed by in vitro binding, and for several cases
there is supporting literature, all of the interactions have
to be viewed as tentative until confirmed in the environ-
ment of the natural host, which is underway. For example,
although an MDV gene may be predicted, it may be possi-
ble that the corresponding protein is not expressed (Mur-
phy et al., 2003). Conversely, the 2-hybrid screen favors
strong interactions and produces false negatives so there
may well be additional MDV-host protein interactions that
were missed.

Besides finding interacting partners for MDV proteins
and insights on potential MDV-host regulatory pathways,
2-hybrid screens serve to identify genes that may encode
MD resistance alleles. Genes so identified are mapped to
determine if they are located within a MD QTL interval.
If the gene of interest is located in an area that was not
well surveyed in previous whole genome scans, then it is
possible to conduct an association tests between the gene
and MD traits after the fact. Thus far, this integrative ap-
proach has successfully revealed GH1 and LY6E as MD
resistance genes based on the criteria that the genes are
associated with MD traits, their proteins interact with an
MDV protein, and they have a known function that is
consistent with MD involvement (Liu et al., 2001b, 2003).
Differential gene expression between MD-resistant and
susceptible strains also reinforces the conclusion that these
2 genes are associated with MD resistance (Liu et al., 2001a).

Mapping of these 6 new candidate genes suggests that
BLB is another positional candidate gene because the MHC
locus is associated with MD resistance (reviewed by Bacon
et al., 2001). It is not possible to determine which of the 19
genes contained in the chicken MHC contributes to the
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MD resistance phenotype because all MHC genes are inher-
ited as a single haplotype. Our observation that the class
II β-chain interacts with MDV LORF4 suggests that BLB is
at least one of the responsible genes.

In addition to comparing map locations of candidate
genes with those of previously identified QTL, this process
also builds the chicken-human comparative map. With the
exception of RBBP4, all 4 genes mapped to the location
predicted by the position of their human homologues in
that map (Schmidt et al., 2000); ENO1 was previously
mapped to linkage group E54 (Smith et al., 1997), which
exhibits conserved synteny to HSA1. Specifically the map
location of C1QBP, CD74, and TPT1 add to the conserved
synteny previously observed between GGA19 and HSA17,
GGA13 and HSA5, and GGA01 and HSA13. RBBP4 is lo-
cated on GGA23 with the corresponding human homolog
placed on the cytogenetic map at 1p34. This region does
not exhibit conserved synteny because human homologs
that are linked to RBBP4 are found on GGA05, GGA08,
and linkage groups E54 and C15 (Schmid et al., 2000);
therefore, it is not possible to accurately predict where
chicken homologs should be found.

In conclusion, functional genomic screens such as 2-hy-
brid assays and DNA microarray analyses provide consid-
erable insight into complex biological processes such host-
pathogen interactions. When integrated with genetic asso-
ciation studies, these combined approaches identify posi-
tional candidate genes that can be characterized further
using more traditional approaches. Future experimental
and in silico methods will undoubtedly facilitate drawing
accurate correlations between genotype and phenotype to
provide information that will enhance poultry breeding
and management strategies dealing with MD.

ACKNOWLEDGMENTS

We thank Noah Koller, Jonathan Kenyon, and Laurie
Molitor for excellent technical support.

REFERENCES

Ahmad, A., Y. Takami, and T. Nakayama. 1999. WD repeats of
the p48 subunit of chicken chromatin assembly factor-1 re-
quired for in vitro interaction with chicken histone deacetylase-
2. J. Biol. Chem. 274:16646–16653.

Bacon, L. D., H. D. Hunt, and H. H. Cheng. 2001. Genetic resistance
to Marek’s disease. Pages 121–141 in Marek’s Disease. K. Hirai,
ed. Springer-Verlag, New York.

Bruni, R., and B. Roizman. 1996. Open reading frame P—A herpes
simplex virus gene repressed during productive infection en-
codes a protein that binds a splicing factor and reduces synthe-
sis of viral proteins made from spliced mRNA. Proc. Natl.
Acad. Sci. USA 93:10423–10427.

Bryant, H. E., D. A. Matthews, S. Wadd, J. E. Scott, J. Kean, S.
Graham, W. C. Russell, and J. B. Clements. 2000. Interaction
between herpes simplex virus type 1 IE63 protein and cellular
protein p32. J. Virol. 74:11322–11328.

Bumstead, N. 1998. Genomic mapping of resistance to Marek’s
disease. Avian Pathol. 27:S78–S81.

Chen, M. R., J. F. Yang, C. W. Wu, J. M. Middeldorp, and J.
Y. Chen. 1998. Physical association between the EBV protein
EBNA-1 and P32/TAP/hyaluronectin. J. Biomed. Sci. 5:173–
179.

Crittenden, L. B., L. Provencher, L. Santangelo, I. Levin, H. Abpla-
nalp, R. W. Briles, W. E. Briles, and J. B. Dodgson. 1993. Charac-
terization of a Red Jungle Fowl by White Leghorn backcross
reference population for molecular mapping of the chicken
genome. Poult. Sci. 72:334–348.

Deb, T. B., and K. Datta. 1996. Molecular cloning of human fibro-
blast hyaluronic acid-binding protein confirms its identity with
P-32, a protein co-purified with splicing factor SF2. J. Biol.
Chem. 271:2206–2212.

Dodgson, J. B., H. H. Cheng, and J. Burnside. 2000. Integrating
quantitative and molecular techniques in selection for disease
resistance. Proceedings of the World’s Poultry Congress, Mon-
treal, Canada.

Eriksson, B., K. Oberg, and M. Stridsberg. 2000. Tumor markers
in neuroendocrine tumors. Digestion 62:S33–S38.

Gachet, Y., S. Tournier, M. Lee, A. Lazaris-Karatzas, T. Poulton,
and U. A. Bommer. 1999. The growth-related, translationally
controlled protein P23 has properties of a tubulin binding
protein and associates transiently with microtubules during
the cell cycle. J. Cell Sci. 112:1257–1271.

Georgopoulos, K. 2002. Haematopoietic cell-fate decisions, chro-
matin regulation and Ikaros. Nat. Rev. Immunol. 2:162–174.

Ghebrehiwet, B., B.-L. Lim, E. I. Peerschke, A. C. Willis, and K.
B. Reid. 1994. Isolation, cDNA cloning, and overexpression of
a 33-kDa cell surface glycoprotein that binds to the globular
‘heads’ of C1q. J. Exp. Med. 179:1809–1821.

Gimeno, I. M., R. L. Witter, H. D. Hunt, L. F. Lee, S. M. Reddy,
and U. Neumann. 2001. Marek’s disease virus infection in the
brain:virus replication, cellular infiltration, and major histo-
compatibility complex antigen expression. Vet. Pathol.
385:491–503.

Gross, B., M. Gaestel, H. Bohn, and H. Bielka. 1989. cDNA se-
quence coding for a translationally controlled human tumor
protein. Nucleic Acids Res. 17:8367.

Gunnery, S., A. P. Rice, H. D. Robertson, and M. B. Mathews.
1990. Tat-responsive region RNA of human immunodeficiency
virus 1 can prevent activation of the double-stranded-RNA-
activated protein kinase. Proc. Natl. Acad. Sci. USA 87:8687–
8691.

Hall, K. T., M. S. Giles, M. A. Calderwood, D. J. Goodwin, D. A.
Matthews, and A. Whitehouse. 2002. The herpesvirus saimiri
open reading frame 73 gene product interacts with the cellular
protein p32. J. Virol. 76:11612–11622.

Hanahan, D., and R. A. Weinberg. 2000. The hallmarks of cancer.
Cell 100:57–70.

Hegde, N. R., M. S. Chevalier, and D. C. Johnson. 2003. Viral
inhibition of MHC class II antigen presentation. Trends Immu-
nol. 24:278–285.

Hegde, N. R., R. A. Tomazin, T. W. Wisner, C. Dunn, J. M. Boname,
D. M. Lewinsohn, and D. C. Johnson. 2002. Inhibition of HLA-
DR assembly, transport, and loading by human cytomegalovi-
rus glycoprotein US2: A novel mechanism for evading major
histocompatibility complex class II antigen presentation. J.
Virol. 76:10929–10941.

Henry, G. L., S. J. McCormack, D. C. Thomis, and C. E. Samuel.
1994. Mechanism of interferon action. Translational control
and the RNA-dependent protein kinase (PKR): Antagonists of
PKR enhance the translational activity of mRNAs that include
a 161 nucleotide region from reovirus S1 mRNA. J. Biol. Regul.
Homeost. Agents 8:15–24.

Hunt, H. D., B. Lupiani, M. M. Miller, I. Gimeno, L. F. Lee, and
M. S. Parcells. 2001. Marek’s disease virus down-regulates
surface expression of MHC (B complex) class I (BF) glycopro-
teins during active but not latent infection of chicken cells.
Virology 282:198–205.

Jones, D., P. Brunovskis, R. Witter, and H. Kung. 1996. Retroviral
insertional activation in a herpesvirus: Transcriptional activa-
tion of Us genes by an integrated long terminal repeat in a
Marek’s disease virus clone. J. Virol. 70:2460–2467.

Kang, H. S., M. J. Lee, H. Song, S. H. Han, Y. M. Kim, J. Y. Im,
and I. Choi. 2001. Molecular identification of IgE-dependent



MAREK’S DISEASE VIRUS-CHICKEN PROTEIN-PROTEIN INTERACTIONS 1123

histamine-releasing factor as a B cell growth factor. J. Immunol.
166:6545–6554.

Kato, K., Y. Izumiya, Y. Tohya, E. Takahashi, K. Hirai, and Y.
Kawaguchi. 2002. Identification and characterization of Mar-
ek’s disease virus serotype 1 (MDV1) ICP22 gene product:
MDV1 ICP22 transactivates the MDV1 ICP27 promoter syner-
gistically with MDV1 ICP4. Vet. Microbiol. 85:305–313.

Krainer, A. R., A. Mayeda, D. Kozak, and G. Binns. 1991. Func-
tional expression of cloned human splicing factor SF2: Homol-
ogy to RNA-binding proteins, U1 70K, and Drosophila splicing
regulators. Cell. 66:383–394.

Lee, L. F., P. Wu, D. Sui, D. Ren, J. Kamil, H. J. Kung, and R. L.
Witter. 2000. The complete unique long sequence and the over-
all genomic organization of the GA strain of Marek’s disease
virus. Proc. Natl. Acad. Sci. USA 97:6091–6096.

Levy, A. M., I. Davidson, S. C. Burgess, and E. D. Heller. 2003.
Major histocompatibility complex class I is downregulated in
Marek’s disease virus infected chicken embryo fibroblasts and
corrected by chicken interferon. Comp. Immunol. Microbiol.
Infect. Dis. 26:189–198.

Li, Q., M. K. Spriggs, S. Kovats, S. M. Turk, M. R. Comeau, B.
Nepom, and L. M. Hutt-Fletcher. 1997. Epstein-Barr virus uses
HLA class II as a cofactor for infection of B lymphocytes. J.
Virol. 71:4657–4662.

Liu, H.-C., and H. H. Cheng. 2003. Genetic mapping of the chicken
stem cell antigen 2 (SCA2) gene to chromosome 2 via PCR
primer mutagenesis. Anim. Genet. 34:158–160.

Liu, H.-C., H. H. Cheng, L. Softer, and J. Burnside. 2001a. A
strategy to identify positional candidate genes conferring Mar-
ek’s disease resistant by integrating DNA microarrays and
genetic mapping. Anim. Genet. 32:351–359.

Liu, H.-C., H.-J. Kung, J. E. Fulton, R. W. Morgan, and H. H.
Cheng. 2001b. Growth hormone interacts with the Marek’s
disease virus SORF2 protein and is associated with disease
resistance in chicken. Proc. Natl. Acad. Sci. USA 98:9203–9208.

Liu, H.-C., M. Niikura, J. E. Fulton, and H. H. Cheng. 2003. Identifi-
cation of chicken lymphocyte antigen 6 complex, locus E (LY6E,
alias SCA2) as a putative Marek’s disease resistance gene via
a virus-host protein interaction screen. Cytogenet. Genome
Res. 102:304–308.

Lupiani, B., L. F. Lee, and S. M. Reddy. 2001. Protein-coding
content of the sequence of Marek’s disease virus serotype 1.
Pages 159–190 in Marek’s Disease. K. Hirai, ed. Springer-Ver-
lag, New York.

MacDonald, S. M., T. Rafnar, J. Langdon, and L. M. Lichtenstein.
1995. Molecular identification of an IgE-dependent histamine-
releasing factor. Science 269:688–690.

Manly, K. F., and J. M. Olson. 1999. Overview of QTL mapping
software and introduction to map manager QT. Mamm. Ge-
nome 10:327–334.

Matza, D., A. Kerem, and I. Shachar. 2003. Invariant chain, a chain
of command. Trends Immunol. 24:264–268.

Murphy, E., I. Rigoutsos, T. Shibuya, and T. E. Shenk. 2003. Reeval-
uation of human cytomegalovirus coding potential. Proc. Natl.
Acad. Sci. USA 100:13585–13590.

Neumann, J., A. M. Eis-Hubinger, and N. Koch. 2003. Herpes
simplex virus type 1 targets the MHC class II processing path-
way for immune evasion. J. Immunol. 171:3075–3083.

Page, G. P., V. George, R. C. Go, P. Z. Page, and D. B. Allison.
2003. “Are we there yet?”: Deciding when one has demon-
strated specific genetic causation in complex diseases and
quantitative traits. Am. J. Hum. Genet. 73:711–719.

Pancholi, V. 2001. Multifunctional α-enolase: its role in diseases.
Cell. Mol. Life Sci. 58:902–920.

Peng, Q., and Y. Shirazi. 1996. Isolation and characterization of
Marek’s disease virus (MDV) cDNAs from a MDV-trans-
formed lymphoblastoid cell line: Identification of an open read-
ing frame antisense to the MDV Eco-Q protein (Meq). Virology
221:368–374.

Qian, Y.-W., Y.-C. J. Wang, R. E. Hollingsworth, D. Jones, N. Ling,
and E. Y.-H. P. Lee. A retinoblastoma-binding protein related
to a negative regulator of Ras in yeast. Nature 364:648–652.

Robertson, H. D., L. Manche, and M. B. Mathews. 1996. Paradoxi-
cal interactions between human delta hepatitis agent RNA and
the cellular protein kinase PKR. J. Virol. 70:5611–5617.

Sanchez, J. C., D. Schaller, F. Ravier, O. Golaz, S. Jaccoud, M.
Belet, M. R. Wilkins, R. James, J. Deshussess, and D. Hochstras-
ser. 1997. Translationally controlled tumor protein: A protein
identified in several nontumoral cells including erythrocytes.
Electrophoresis 18:150–155.

Schmidt, M., I. Nanda, M. Guttenbach, C. Steinlein, M. Hoehn,
M. Schartl, T. Haaf, S. Weigend, R. Fries, J. M. Buerstedde, K.
Wimmers, D. W. Burt, J. Smith, S. A’Hara, A. Law, D. K.
Griffin, N. Bumstead, J. Kaufman, P. A. Thomson, T. Burke,
M. A. Groenen, R. P. Crooijmans, A. Vignal, V. Fillon, M.
Morisson, F. Pitel, M. Tixier-Boichard, K. Ladjali-Mohammedi,
J. Hillel, A. Maki-Tanila, H. H. Cheng, M. E. Delany, J. Burn-
side, and S. Mizuno. 2000. First report on chicken genes and
chromosomes 2000. Cytogenet. Cell Genet. 90:169–218.

Schroeder, J. T., L. M. Lichtenstein, and S. M. MacDonald. 1996.
An immunoglobulin E-dependent recombinant histamine-re-
leasing factor induces interleukin-4 secretion from human ba-
sophils. J. Exp. Med. 183:1265–1270.

Smith, E. J., and H. H. Cheng. 1998. Mapping chicken genes using
preferential amplification of specific alleles. Microb. Comp.
Genomics 3:13–20.

Smith, E. J., L. A. Lyons, H. H. Cheng, and S. P. Suchyta. 1997.
Comparative mapping of the chicken genome using the East
Lansing reference population. Poult. Sci. 76:743–747.

Stumptner-Cuvelette, P., and P. Benaroch. 2002. Multiple roles of
the invariant chain in MHC class II function. Biochim. Biophys.
Acta 1542:1–13.

Subramanian, A., and D. M. Miller. 2000. Structural analysis of
α-enolase. Mapping the functional domains involved in down-
regulation of the c-myc protooncogene. J. Biol. Chem.
275:5958–5965.

Tomazin, R., J. Boname, N. R. Hegde, D. M. Lewinsohn, Y.
Altschuler, T. R. Jones, P. Cresswell, J. A. Nelson, S. R. Riddell,
and D. C. Johnson. 1999. Cytomegalovirus US2 destroys two
components of the MHC class II pathway, preventing recogni-
tion by CD4+ T cells. Nat. Med. 5:1039–1043.

Tulman, E. R., C. L. Afonso, Z. Lu, L. Zsak, D. L. Rock, and G.
F. Kutish. 2000. The genome of a very virulent Marek’s disease
virus. J. Virol. 74:7980–7988.

Vallejo, R. L., L. D. Bacon, H.-C. Liu, R. L. Witter, M. A. M.
Groenen, J. Hillel, and H. H. Cheng. 1998. Genetic mapping of
quantitative trait loci affecting susceptibility to Marek’s disease
virus induced tumors in F2 intercross chickens. Genetics.
148:349–360.

Van Scoy, S., I. Watakabe, A. R. Krainer, and J. Hearing. 2000.
Human p32: A coactivator for Epstein-Barr virus nuclear anti-
gen-1-mediated transcriptional activation and possible role in
viral latent cycle DNA replication. Virology 275:145–157.

Vossen, M. T. M., E. M. Westerhout, C. Soderberg-Naucler, and
E. J. H. J. Wiertz. 2002. Viral immune evasion: a masterpiece
of evolution. Immunogenetics 54:527–542.

Wang, Y., J. E. Finan, J. M. Middeldorp, and S. D. Hayward. 1997.
P32/TAP, a cellular protein that interacts with EBNA-1 of
Epstein-Barr virus. Virology 236:18–29.

Witter, R. L. 1997. Increased virulence of Marek’s disese virus
field isolates. Avian Dis. 41:149–163.

Xu, A., R. Bellamy, and J. A. Taylor. 1999. Expression of transla-
tionally controlled tumour protein is regulated by calcium at
both the transcriptional and post-transcriptional level. Bio-
chem. J. 342:683–689.

Yonash, N., L. D. Bacon, R. L. Witter, and H. H. Cheng. 1999.
Higher resolution mapping and identification of quantitative
trait loci (QTL) affecting susceptibility to Marek’s disease.
Anim. Genet. 30:126–135.


